Open systems with gain and loss, described by non-Hermitian Hamiltonians, have been a subject of intense research recently. In classical systems, the effect of exceptional-point degeneracies on their dynamics has been observed through remarkable phenomena such as the parity-time symmetry breaking transition, asymmetric mode switching, and optimal energy transfer. On the other hand, consequences of an exceptional point for quantum evolution and decoherence are hitherto unexplored. Here, we use post-selection on a three-level superconducting transmon circuit with tunable Rabi drive, dissipation, and detuning to carry out quantum state tomography of a single dissipative qubit in the vicinity of its exceptional point. Quantum state tomography reveals the PT symmetry breaking transition at zero detuning, decoherence enhancement at finite detuning, and a quantum signature of the exceptional point in the qubit relaxation state. Our observations demonstrate rich phenomena associated with non-Hermitian physics in the fully quantum regime and open routes to explore and harness exceptional point degeneracies for enhanced sensing and quantum information processing.
In introductory treatments of quantum mechanics one typically assumes that a Hamiltonian describing a physical system is Hermitian thus ensuring the reality of energy eigenvalues and a unitary time evolution. Many open physical systems are instead described by effective non-Hermitian Hamiltonians that characterize the gain or loss of energy or particle-number from the system. In recent years there has been growing interest in non-Hermitian systems, particularly those with space-time reflection (PT ) symmetry exhibiting transitions from purely real to complex-conjugate spectra [1, 2] . Such non-Hermitian systems have been realized with optical [3] [4] [5] [6] [7] [8] [9] and mechanical systems [10] with balanced gain and loss, or with mode-selective loss [11] [12] [13] [14] [15] . The degeneracies of such Hamiltonians occur at exceptional points (EPs) where the eigenvalues, and corresponding eigenmodes coalesce, and are topological in nature [16] [17] [18] [19] [20] [21] . Open systems in the vicinity of EPs have shown functionalities including lasing [22] [23] [24] , topological features [9, [25] [26] [27] , optimal energy transfer [28, 29] , and enhanced sensing [30, 31] that are absent in their closed counterparts. However, most of these realizations are limited to classical (wave) systems in which the amplitude information is measured, but the phase information is ignored. Thus, the effects of the PT -transition and a system's proximity to the EP on its full quantum evolution and decoherence are open questions.
Here, we employ bath engineering techniques to realize a superconducting circuit with quantum energy levels that are described by a non-Hermitian Hamiltonian and use quantum state tomography to observe the dynamics of the non-Hermitian qubit across and in the vicinity of the exceptional point. At zero detuning, we observe the PT symmetry breaking transition as manifested in the evolution of both diagonal and off-diagonal elements of the system's density matrix. We go on to show that the decoherence rate of the qubit and the steady state it reaches are both affected by the system's proximity to the EP.
A canonical example of a PT -symmetric system consists of a bipartite system with balanced gain (part A) and loss (part B) as shown in Figure 1a . Such systems have been experimentally studied in the classical domain. The central feature of these systems is a transition from broken to unbroken PT symmetry. When the coupling, given by rate J, between the two parts is larger than the gain-loss rate, given by γ, the system exhibits a real spectrum and simultaneous eigenmodes of both the Hamiltonian and the antilinear PT operator; yet when the coupling is small, this PT symmetry is broken by the emergence of complex conjugate eigenvalues. These two phases are joined by an exceptional point. The exceptional point degeneracy also occurs for a bipartite system with imbalanced losses. Figure 1b schematically displays such a system in which part A and B are coupled and part B exhibits loss. In the minimal quantum limit, these parts are realized as quantum energy levels and the loss corresponds to transitions outside that manifold of states. This two-level system in the presence of coupling produced by a drive with strength J and detuning ∆ can be described by an effective non-Hermitian Hamiltonian ( = 1),
where |e and |f denote first and second excited states of the quantum system, and γ e is the occupation-number loss rate to the ground state |g ( Fig. 1b ). At zero detuning, the complex eigenvalues of H eff have different imaginary components at small J < γ/4 and the system is in the PT -broken phase. At stronger coupling, past arXiv:1901.07968v1 [quant-ph] 23 Jan 2019 
where ω d is the drive frequency and ωq is the transition frequency between the |e and |f levels. (e) The experiment utilizes the three lowest levels of a transmon circuit. The circuit is embedded in a three-dimensional cavity and an Impedance Mismatch Element (IME) is used to shape the density of states that drive the decay of the transmon states through spontaneous emission. A Josephson Parametric Amplifier (JPA) is used for high fidelity readout of the transmon state. Different decay rates can be obtained by threading a dc magnetic flux through the SQUID loop which tunes the frequency of the transmon energy levels.
the exceptional point at J = γ/4, the imaginary components for the two dissipative eigenmodes coincide, and the system is in the PT -symmetric phase. When ∆ = 0, the two complex eigenvalues λ ± of the Hamiltonian H eff (Eq.1) have different real and imaginary parts. Here, the qubit dynamics is governed by eigenmode-energy differences Re[δλ(∆, J)] ( Fig. 1c ) and Im[δλ(∆, J)] ( Fig. 1d 
Experimental setup-Our experiment comprises a transmon circuit [32] formed by a pair of Josephson junctions in a SQUID geometry shunted by a capacitor (Fig. 1e ). The transmon circuit exhibits several quantum energy levels that can be individually addressed with narrow bandwidth microwave pulses. By applying a magnetic flux through the SQUID loop we can tune the spacing between energy levels. The coupling Hamiltonian Jσ x is realized by a coherent resonant drive of variable amplitude and detuning.
The transmon circuit is embedded in a threedimensional waveguide cavity [33] . The dispersive interaction between the transmon circuit and fundamental electromagnetic mode of the cavity results in a state dependent shift in the cavity frequency [34] . This frequency shift is detected by probing the cavity with a weak microwave tone; the resulting state dependent phase shift is detected with homodyne measurement using a Josephson parametric amplifier [35, 36] . The lowest energy level |g is the stable ground state and we use it as an effective continuum-an environment that is "outside" of the sub-manifold of states |e and |f which form the qubit system under investigation. In order to implement the effective non-Hermitian Hamiltonian we require the respective energy decay rates γ e γ f . We achieve this hierarchy of decay rates by inserting an impedance mismatching element between the cavity and parametric amplifier which causes an interference in the cavity field alternately suppressing and enhancing the density of states in the transmission line resulting a frequency dependence of the Purcell decay rate. Thus by tuning the transition frequency between the |g and |e states to regions where the density of states is enhanced, we enhance the decay rate of the |e state.
PT -transition and quantum state tomography-We first investigate the PT symmetry breaking transition which occurs when ∆ = 0. We tune the transmon such that γ e = 6.7 µs −1 and γ f = 0.25 µs −1 . We then initialize the system in the state |f with J = 0 and at time t = 0 we switch J to a finite value for a variable period of time. The experimental sequence is concluded with a projective measurement of the transmon energy. Evolution under H eff does not preserve the norm of a given initial state. Experimentally, we focus on the evolution in the {|e , |f } qubit manifold, which results in normalized populations, P n f = P f /(P f + P e ) and P n e = P f /(P f + P e ) = 1 − P n f . This is achieved through post-selection; experimental sequences conclude with a projective measurement of the transmon in the energy basis and only experiments where the transmon remains in the qubit manifold are included in the analysis. Thus, for longer experimental duration the success rate decreases exponentially.
We now characterize the PT -symmetry breaking transition using the observed experimental signatures in the populations and coherences in the {|e , |f } qubit manifold. In Figure 2a we show the normalized population P n f versus time for different coupling rates J. For a large J we observe oscillatory dynamics in P n f . These Rabi oscillations occur because the initial state |f can be expressed as a superposition of eigenmodes of H eff with corresponding time evolution e −iλ±t ; the equal imaginary parts of λ ± for J > γ/4 result in the oscillatory evolution at angular frequency Ω for the post-selected occupation probabilities. This region is referred to as the PT -symmetric region. The time evolution of P n f shows a striking transition at finite coupling rate as detailed in Figure 2b . Here, we observe that when J < γ/4 the oscillations cease due to the vanishing real parts of λ ± . This is referred to as the PT -symmetry broken region. Figure 2c displays time-trace cuts from 2b in the broken and unbroken phases with decaying and oscillatory behavior respectively. Remarkably, even though Figure 2 only displays experimental data where the transmon did not leave the {|e , |f } qubit manifold, it shows a clear signature of the decay channel to the ground state |g in the temporal evolution within this manifold.
The PT symmetry breaking transition can be quantified by looking at the oscillation frequency, Ω, as a function of coupling rate. This oscillation frequency is obtained from a simple exponentially damped sinusoidal fit to P n f (t) (Fig. 2c ). In Figure 2d we plot the observed oscillation frequency Ω versus coupling rate J, which displays a square-root singularity that is associated with increased sensitivity near the EP [30, 31, [37] [38] [39] . The solid curve displays a fit to Re δλ = 2Re J 2 − J 2 0 with J 0 as the sole free parameter. From the fit, we find J 0 = 1.71±0.07 µs −1 which is in excellent agreement with the expected value based on the independently measured decay rate γ e /4 = 1.68 µs −1 .
Next we characterize the evolution of the qubit in the broken and unbroken regimes using quantum state tomography [40] . Figure 2e displays y ≡ σ y and z ≡ σ z (the initial state and Hamiltonian confine the evolution to the Y -Z plane of the Bloch sphere) versus time for two different experimental conditions. While evolution in the PT -symmetric phase shows oscillatory behavior, in the PT -broken phase the state approaches a fixed point in the Y -Z plane. Both state trajectories are plotted for the same scaled time interval, 0 ≤ 2Jt ≤ 5.24 rad, highlighting the difference in quantum evolution in the symmetric and broken phases. We repeat the experiment for different values of γ e by tuning the flux threading the transmon SQUID loop thereby and placing the transmon levels in contact with different parts of the engineered bath as depicted by arrows in Figure 2f (inset). Figure 2f shows the result from four different experiments. The PT transition as determined from fits of the oscillation frequency for different J as in Figure 2d is in close agreement with the analytical result J 0 = γ e /4.
Decoherence in the vicinity of the EP-With access to the quantum coherent dynamics in the vicinity of the exceptional point it is natural to investigate the role of decoherence in this regime. As shown in Figure 1c ,d the eigenvalue difference δλ of H eff exhibits rich dependence on J and ∆, which in turn determines the time evolution of the dissipative qubit. Figure 3a depicts the time evolution of the qubit state given by Bloch coordinates x(t), y(t), z(t), which were measured with quantum state tomography for different values of the detuning. In the PT -symmetric phase, we fit the oscillations to determine both the oscillation frequency Ω and the coherence damping rate Γ R for different detunings, yielding respectively the real and imaginary parts of δλ (Fig. 3b) . At ∆ = 0, the eigenmode decay rates are equal and we observe only a residual, small coherence-damping in the qubit manifold, characterized by Γ 0 = 0.6 µs −1 . As |∆| is increased, the difference in the eigenmode decay rates leads to faster coherence damping. The observed Ω R and Γ R are in good agreement with the analytical predictions corrected with the residual, small, zero-detuning coherence damping Γ 0 .
Quantum state tomography also allows us to study the steady states of the qubit system evolving under H eff in the vicinity of the exceptional point. Figure 3c displays the steady-state results of quantum state tomography after 2 µs of time evolution. Along the PT -symmetric phase line (∆ = 0 and J > γ e /4), the qubit reaches a maximally mixed state. When |∆| > 0, the qubit reaches a mixed steady state in the X-Z plane, i.e. y ∼ 0. Remarkably, in the close proximity of the EP, the qubit reaches a steady state given by (|e + i|f )/ √ 2, i.e. the single eigenmode of H eff at the EP. This appears as a positive y component in the tomography in Figure 3c , along with vanishing x and z components. The full tomography also allows us to calculate the qubit entropy H. It shows that the qubit reaches a mixed, but not maximally mixed, steady state except along the PT -symmetric line. These results indicate that the dissipation of the system stabilizes the qubit to non-trivial steady-states for different drive and detuning parameters.
Conclusion-The topological features associated with the exceptional point degeneracy have been exploited in classical systems for a variety of applications. Here we have explored them in the quantum domain by investigating the quantum coherent dynamics in the vicinity of the exceptional point. These results highlight how circuit quantum electrodynamics serves as a versatile platform to explore fundamental questions in the quantum mechanics of open systems. The realization of non-Hermitian systems in this circuit architecture will allow creation of novel topological materials from arrays of coupled non-Hermitian qubits as well as investigations in to quantum enhanced sensing with exceptional point degeneracies [37] [38] [39] .
METHODS
In this section we provide details of the experimental setup and techniques utilized in this work. We also provide an analysis of the system as described by a Lindblad evolution in the three-state manifold, which is equivalent to the non-Hermitian Hamiltonian evolution in the two-state manifold.
Experimental setup-The transmon circuit was fabricated by conventional double-angle evaporation and oxidation of aluminum on a silicon substrate. With zero flux threading the SQUID loop, the transition frequencies are ω g,e /2π = 6.1 GHz and ω e,f /2π = 5.8 GHz. The transmon circuit is placed in a 3D copper cavity with frequency ω c,bare /2π = 6.681 GHz and decay rate κ/2π = 5 MHz with an embedded coil for adjusting the dc magnetic flux through the SQUID loop. The coupling rate between the transmon circuit and the cavity fields is g/2π = 65 MHz. Experiments are performed with a small flux threading the SQUID loop resulting in transition frequencies, ω g,e /2π 5.71 GHz and ω e,f /2π 5.42 GHz, given by charging energy E c /h = 270 MHz and Josephson energy E J /h = 16.6 GHz where the dressed cavity resonance frequency is ω c /2π = 6.684 GHz and the dispersive cavity resonance shifts are given by χ e /2π = −2 MHz and χ f /2π = −11 MHz. In order to rapidly resolve the transmon states with high fidelity, we use a Josephson parametric amplifier operating in phase sensitive mode with 20 dB gain and instantaneous bandwidth of 50 MHz. As shown in Figure 4 we are able to resolve the three transmon states with high fidelity.
Lindblad evolution of the three-state system-In the main text, we solely focused on the dynamics in qubit subsystem which is governed by the effective, dissipative Hamiltonian H eff , Eq. (1). Instead, one can look at the dynamics for the entire 3-level system which can be described by a Lindblad master equation ( = 1),
Where ρ(t) is a 3 × 3 density matrix, H c = J(|e f | + |f e|) is coupling Hamiltonian in the rotating frame and L = √ γ|g e| is the Lindblad dissipation operator which accounts for the energy decay from level |e to |g . Equation (2) leads to the following closed set of equations for the dynamics of the qubit levels, 
Since the drive only acts on the manifold of two excited states, the dynamics of the ground state is decoupled from the upper manifold. For a given initial condition, one can solve Eqs. (3) and obtain the evolution of any observable. As in the experiment, where the system is initialized in the state |f , the evolution for the populations of each level in the PT -symmetric phase is given by,
where α = J 2 − (γ/4) 2 and θ = arcsin(γ/4J).
In the main text, all analysis is performed in a modelindependent manner; the evolution of the post-selected occupation number P n f (t) is fit to an exponentially decaying sine function to determine the coherence-decay rate and the Rabi oscillation frequency. With access to the exact evolution in the three state system we can determine the actual form for the oscillation in the sub-manifold (e.g. Fig 2c) . From Eq. (4), (5) we can obtain the nor-malized population, P n f = P f P f + P e = cos 2 (αt − θ) sin 2 (αt) + cos 2 (αt − θ) .
In the limit of J γ, Eq. (6) reduces to cos 2 (Jt), which means deep in the PT -symmetric region, far away from the EP, the population oscillates with frequency of 2J. The observed oscillation frequency at J γ e was used to calibrate the values of J for weaker drives. These results are consistent with the direct theoretical approach for the evolution of the qubit wave function under non-Hermitian Hamiltonian H eff .
